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Abstract 
A roll-to-roll imprinted optical setup consisting of a gratings upon a light bar (LB) is designed to shrink the coupling length 
between a point light source and a light guide for application in a mobile phone display. Grating period and shape was analyzed 
by investigating the relationship between the angular distributions of incident beam on the grating and the illumination 
characteristics of LED. The design  has a potential to eliminate the brightness enhancement film (BEF) for a red-green-blue 
(RGB) light-emitting diode (LED) or a cold cathode fluorescent lamp (CCFL) backlight module in the LCD systems. 
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1. Introduction 
The applications of sub-wavelength gratings in display have been expanding in recent years. IBM first 
demonstrated a lithography molded sub-wavelength grating to separate colors [1], in which a 550 nm pitched sub-
wavelength grating combined with a cylindrical lens array to produce RGB colors for a colorful display. In 2003, 
Samsung designed a series of sub-wavelength gratings for producing highly collimated white light to replace the 
diffuser and the prism sheet in a display [2]. The pitches of theses interferometry based gratings are among 350~550 
nm. Limited to the available fabricated area (<1 cm2), the above proto-types are still not commercialized. For the 
cost-effective fabrication of large area nano-structured products, roll-to-roll manufacturing is always an ideal 
solution [3-6].   
In this study, we propose a roll-to-roll imprinted optical setup consisting of five subgratings upon a light bar, 
which can be used to shrink the coupling length between a point light source and a light guide. Figure 1 illustrates 
the behavior of a link of an LED module light source with the light guide. Light propagating inside the light guide is 
restricted to angles of ±42° with the normal to the entrance facet of the guide due to refraction law (Fig. 1(a)). To 
shrink the coupling length by enlarging the light distribution, the facet is textured by notching or sand-blasting (Fig. 
1(b)). In our design, the light incident on the light guide is from a light bar (LB) with an array of sub-wavelength 
gratings (SWG), allowing the design to employ an even shorter coupling distance (Fig. 1(c)), which can be applied 
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for mobile phone display. We analyze the optimum grating period and shape by investigating the relationship 
between the angular distributions of incident beam on the grating and the illumination characteristics of LED. With 
low production cost and short coupling length, the design also has a potential to eliminate the brightness 
enhancement film (BEF) for a red-green-blue (RGB) light-emitting diode (LED) or a cold cathode fluorescent lamp 
(CCFL) backlight module in the LCD systems [7]. 
 
                   
 
(a)                                   (b)                                                      (c) 
Fig.1. Behavior of light rays at the junction between a LED and a lightguide. (a) The entrace facet is flat. (b) The 
entrance facet is textured. (c) The light is from a light bar with an array of sub-wavelength gratings. 
2. Design and simulation 
If a SWG is considered for LB applications, its design must fulfill several conditions in order to obtain a working 
device. Usually the light-extraction direction from LB through diffraction on SWG is a function of the incident 
wavelength, incident angle, the refractive index of material and the grating period, while the light-extraction 
efficiency depends on the grating profile. To achieve white balance, the grating period is designed to extract the 
incident beam on the grating vertically through the LB surface. As shown in figure 2, the incident beams are 
composed of three representative wavelengths, 625nm(red color)ǵ525nm(green color) and 465nm (blue color) in 
current design. They mix up with each other by using an array of five grating periods corresponding to five target 
wavelengths such as 625nm(R color)ǵ575nm(R/G mixing color)ǵ525nm(G color)ǵ495nm(G/B mixing color) 
and 465nm(B color). To reduce direct reflection at the end of LB and enhance coupling efficiency, the LED is 
positioned on a slanted side facet.   
 
 
 
Fig.2. A light bar including an array of five gratings. The gratings on top of the LB separates incoming light into 
white, which is composed of different directions of red, green and blue colors.  
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2.1 Incident angle 
 Ideally, the LED produces a perfect Lambertian distribution of light, which means the radiant intensity I is 
directly proportional to the cosine of the angle ș between the viewer’s line of sight and the surface normal. This 
approximation is valid for most LEDs without encapsulant. The radiant intensity can then be expressed as 
 
                                     Tcos0II                                      (1) 
 
where I0 is the radiant intensity on axis. At entering the LB from a LED, both reflection and refraction of the light 
occur due to the refractive index difference between the air and the LB material, PMMA (refractive index n ~ 1.5). 
The optical transmission coefficient is described by the Fresnel’s equation under the assumption that the light from 
LED is un-polarized.  
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where Ts and Tp represent the transmission of s-polarized and p-polarized light, respectively. The indices of 
refraction of the media are labeled n1 for air and n2 for PMMA. ș1 and ș2 are the incident and refraction angles, 
respectively. The relative intensity distribution with the refracted angle is the multiplication of Eq. (1) and (2), as 
shown in Fig. 3. The maximum 96% occurs at normal incident with Frenel reflection loss 4%.  
 
Fig.3. Calculated relative intensity distribution as a function of the refracted angle, which is determined by the 
radiant intensity of the LED and the transmission derived from Fresnel equations. 
 
After entering the LB, the rays inside the substrate pass through the sub-wavelength gratings from angles 
restricted to the interval between 48° deg and 90ʨwith respect to the normal to the gratings. To create white 
balance, the overall outcoupling efficiency of the SWG is determined by two factors. One is the intensity 
distribution of the incident angles, which is described in Eqs. (1) and (2). The other is the characteristics of SWG for 
different wavelength.  
For simplicity, we limit our design to the cases where only the first order diffractions in the coupling are allowed. 
The merits were described in Roberto Caputo’s design [2].  This means that the SWG period will be in the range of 
Ȝ/2 to Ȝ for every wavelength of interest. In this article, the chosen period is from 350 nm to 500 nm. If the 
diffraction efficiency (DE) curve has a smooth decreasing behavior for increasing angle for each wavelength, the 
SWG can compensate the Lambertian distribution of the LED.  
After investigating the characteristics of SWG for different wavelength, the next step is to define the optimal 
incident angle. Roberto Caputo set the optimal incident angle șinc at 69ʨbecause it corresponded to the central value 
of the cone of the incident angles (48 ʨ< șinc <90ʨ). M.G. Lee and S.M. Lee considered șinc = 55ʨwithout giving 
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any reason [3]. The incident angle șinc we use to design is the central angle, at which the incident beams are 
extracted by the five SWGs toward perpendicular direction from LB with peak lumination for the beams of red, 
green, and blue wavelengths, respectively. Figure 4 shows the average DE, which is a linear-like function and can be 
calculated from the average of DE values shown. șinc = 65ʨis therefore obtained from the central value of the 
distribution of extracted intensity (figure 5), which is the multiplication of the incident beams’ intensity distribution 
and the corresponding average DE. Since the overall Lambertian distribution of the LED ranges in both the polar 
and azimuthal directions, șinc has to be modified to 66ʨ. In our design, for reducing direct reflection at the end of 
LB and enhancing coupling efficiency, the LED is positioned on a slanted side facet (slant angle ș=11ʨ, as shown 
in figure 2. ), which means șinc =60ʨaccording to snell law is adopted finally.  
 
 
 
Fig.4. Average diffraction efficiency as a function of incident angle for SWG periods ranging from 350 nm to 500 
nm with profile of 90 deg-vertex angle grooves. 
 
 
 
Fig.5. The distribution of extracted intensity, which is the multiplication of the incoming incident angle’s intensity 
distribution and the corresponding average DE.  
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2.2 SWG Periods 
The grating period is designed to vertically out-coupling energy from the grating on the light bar. Period values 
are calculated for five representative wavelengths 625nm, 575nm, 525nm, 495nm and 465nm. With the central 
incident angle 60ʨ and the values of wavelength, the conditions for obtaining the periods can be derived from the 
grating equation: 
                                                              )sinsin( 12 incdif nnm TTO /                                                                  (3) 
 
where șinc = 60° is the incident angle, șdif is the diffracted angle, n2 = 1.5 is the refraction index of incident medium 
PMMA, ȁ is the SWG period, n1 =1 is the refractive index of the diffracted medium air and m is the diffraction 
order for the wavelength Ȝ. For m= -1, the periods for wavelengths 625 nm, 575 nm, 525 nm, 495 nm and 465 nm 
are 481 nm, 443 nm, 404 nm, 381 nm and 358 nm, respectively. Besides of the first transmission order ( -1T), other 
orders 0Rǵ-1R and -2R still exists. In order to avoid light losses, it is preferable to put a reflective layer underneath 
the light guide to recycle -1R, while the 0R and -2R can be reflected back inside the light bar by total internal 
reflection. Table.1 lists the DE for the five sub-wavelength gratings with the shape of 90 deg-vertex angle grooves 
under an incident angle șinc. Their extracted DE values (=-1T+-1R) are almost the same.   
3. Fabrication 
The large scale manufacturing of sub-wavelength gratings via a roll-based mastering method is based on a 
modification of single point diamond turning. The single point diamond tool possesses characteristics of high 
hardness, high heat conduction rate, low friction coefficient and low heat expansion coefficient, so it can match the 
requirement of high accuracy and low surface roughness in optics. The drum roll lathe we use for fabricating the 
SWGs is shown in Fig. 6, which is an equipment developed lately by Institute of Research and Technology of 
Taiwan (ITRI). The diameter of the hard-copper roller was 200 mm. To make the master of SWGs (with periods: 
481nm, 443nm, 404nm, 381nm, 358nm; zone size for each grating= 600 um; spacing between each grating:100 um) 
with a width larger than 300 mm on the surface of our roller, the total cutting length was 35.9 km, which approached 
the lifetime of a diamond tool. 
 
             
(a)                                        (b) 
Fig.6. Pictures of (a) the ITRI-made drum roll lathe and (b) the roller for imprinting the sub-wavelength gratings. 
 
After mechanically grooved structure being formed on an imprinting Cu roller by using the diamond tool with the 
designed profile, the UV embossing equipment was applied: the UV resin was first dispensed on the PET film, 
imprinted by the roller, hardened by UV curing, and demolded from the roller to obtain the gratings on a 188ȝm 
thick PET film (T-A4300 by Toray Corp). In the UV curing step, our UV resin (LEN-B by Chishan Corp.) hardened 
by absorbing energy of UV light. Adequate exposure conditions were indispensable for the nano-structures on the 
PET film. Since the diffraction efficiency was highly dependent on the grating profile, our major challenge in the 
curing of gratings was to achieve high replication rate (>95%) and high demolding yield. A pretest showed that with 
a feed-rate of 5 m/min and a UV light power of 100W, we can obtain an optimal result. 
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4. Results and discussion 
In figure 7, scanning electron microscopy (SEM) images of the resulting geometry show that the fabrication 
periods matched the design values well with error less than 3%. For optical measurement, the SWGs-patterned film 
was then attached on a 5 mm -thick PMMA substrate with a bottom and side reflector, as shown in Fig. 8. To 
measure the performance of SWG attached on a LB, a measurement setup shown in Fig. 9(a) was used. The incident 
light entered the LB directly from a LED. The color distribution from each SWG shown in figure 9 (b) is not pure 
because of the wide angle distribution (48ш~90 ) of incident beams. Figure 10 shows the cш olor points in CIE x-y 
space, created by sampling the pattern shown in Fig.9 (b). Points AΕBΕCΕD and E of the red dashed polygon 
were measured at the viewing angle 0 from the SWG Aш ΕSWG BΕSWG CΕSWG D and SWG E. D65 is within 
the red dashed polygon, which means the white balance can be obtained in far field. The highest luminance 
(designed to be white light) measured from the viewing angle = 0° is shown in figure 11. The LED’s color 
coordinates (points RΕG and B) are also shown for reference. Points RΕG and B of the black dashed triangle 
represents the gamut of color LED. The use of color (RGB) LED allow us to investigate the characteristic of SWGs 
in more detail.  
 
 
Fig.7. SEM images of the fabricated SWGs. The periods of SWG A, B, C, D, and E are 359 nm, 480nm, 456 nm, 
410 nm and 382 nm, respectively. 
 
 
 
Fig.8. The prototype of LB with SWGs. 
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(a) 
 
(b) 
Fig.9. (a) LED attached on the side of LB to measure the performance of a LB with SWGs. (b) LED illuminated 
photograph of color pattern of the LB with SWGs captured by a CCD camera. 
 
Fig.10. Color points in CIE x-y space, created by sampling the pattern shown in Fig.14 (b). Points AǵBǵCǵD 
and E of the red dashed polygon corresponds to the SWG AǵSWG BǵSWG CǵSWG D and SWG E. The LED’s 
color coordinates (points RǵG and B) are also shown for reference. Points RǵG and B of the black dashed triangle 
represents the gamut of color LED.  
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FIG.11. Light propagating in the LB is extracted outwardly by a plurality of sub-wavelength grating. Highest 
luminance (designed to be white light) occurs at the viewing angle= 0°.  
 
Some fabrication issues that roll-to-roll process has to overcome before it is fully applied to make SWGs in 
production line. First, in cutting a grating with period smaller than 3 micron according to our pre-tests, the cutting 
side of the tool is easily damaged, which leads to rough SWG surface and asymmetry profile. A typical example is 
shown in figure 12. That means a more wearable cutting tool is required for future application. As an example, a 
calculated efficiency variation for SWG D is shown in figure 13. It shows that if the height drops from the design 
value 202 nm to 151 nm and 101 nm because of the abrasion of the cutting tool, the designed efficiency will reduce 
20.16% and 50.24%, respectively. Secondly, the scale of depth and period of SWG is usually less than 500nm, 
which means the temperature variation (<± 0.1ʨC) and equipment oscillation (<± 0.1 period)) should be well 
controlled.  
 
 
 
Fig.12. In cutting, the cutting side of the tool is easily damaged, which generates rough SWG surface and 
asymmetry profile. 
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Fig13. Calculated diffraction efficiencies of sub-wavelength gratings replicated from an imprinting Cu roller, which 
was cut using the wear of the diamond bite. 
 
5. Conclusion 
A SWG patterned LB was proposed to reduce the coupling length and improve the white color balance for 
display application. To demonstrate this, an array of SWG composed of 90 deg-vertex angle grooves with periods 
481 nm, 443 nm, 404 nm, 381 nm and 358 nm was manufactured to verify the corresponding color performance. 
The performance of our prototype matches our design well in the precision of both period and profile. By a careful 
control of precision, roll-to-roll made SWG film has the potential to be applied in other SWG patterned optical 
systems.  
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